Background {#Sec1}
==========

Horn flies (*Haematobia irritans*) are blood-feeding parasites that affect the health and well-being of pasture cattle. The bites can lead to reduced weight gain, less milk production \[[@CR1]\] and skin lesions \[[@CR2]\]. The economic losses caused by *H. irritans* vary among regions because environmental conditions significantly affect the growth of horn fly populations. In North America, the economic impact of horn flies on livestock is estimated at 1 billion dollars per year \[[@CR3]\]. Like nearly all hematophagous arthropod species, the success of blood-feeding in *H. irritans* is highly dependent on its complex salivary mixture delivered at the bite site. It is well known that saliva from hematophagous arthropods facilitates the availability of blood through control of the host hemostasis and immune system \[[@CR4]\]. Although several bioactive molecules have been reported in the saliva of mosquitoes, sand flies, horse flies and ticks, knowledge on the functional salivary proteome of *H. irritans* remains limited \[[@CR5]--[@CR9]\].

Many details about the antihemostatic activities of *H. irritans* salivary preparations were described 20 years ago \[[@CR10]\]. Thrombostasin was the first protein identified and characterized in horn fly saliva as an anticlotting molecule \[[@CR11]\]. Recently, two additional proteins \[Irritans 5 (IT5) and Hematobin (HTB)\] have been annotated in a preliminary cDNA library preparation of *H. irritans* salivary gland (M. Breijo, personal communication). IT5 belongs to the antigen 5 (Ag5) family, whose members were reported to be allergens of the sting venom of hornets, wasps and fire ants \[[@CR12]\]; it has 86% similarity with the Ag5 protein found in the transcriptome of the stable fly, *Stomoxys calcitrans*. Ag5 is likely an immunoglobulin-binding protein \[[@CR13]\], and thus counteracts the host's immunoglobulins present in the blood \[[@CR7]\].

HTB has 43% similarity with a putative 15.6 kDa secreted salivary gland protein of *S. calcitrans*, which is a member of the Hyp 16 family with unknown function that is distantly related to mosquito proteins \[[@CR14]\]. The functions of HTB and IT5 in the saliva of *H. irritans* are still unknown, but they may play a role in vector-host interactions, particularly on the skin environment at the horn fly bite site.

Skin is the primary interface between the vertebrate host and the external environment. It provides an active barrier against microorganisms and ectoparasites. Many resident immune cells are present in the skin, particularly in the dermis. These include dendritic cells, conventional T cells, innate lymphoid cells, mast cells, and macrophages \[[@CR15], [@CR16]\]. Of those, macrophages are pleiotropic cells presenting both pro-inflammatory and anti-inflammatory activities depending on the stimuli. They are the predominant cell population at the site \[[@CR16]\]. Macrophages play a crucial role in the response to inflammation and tissue damage while promoting homeostasis to assure proper reestablishment of normal conditions.

Due to their strategic location, skin macrophages might be one of the first sensors to detect and respond to *H. irritans* mouthparts and salivary components. Indeed, breaking the skin barrier during blood-feeding triggers inflammatory responses, and macrophages recognize the presence of the causative agents through pattern recognition receptors that activate several intracellular pathways. This induces expression of transcription factors and enzymatic cascades that lead to the production of inflammatory molecules such as cytokines, free radicals, and lipid mediators \[[@CR17]\]. However, it is not known whether HTB or other horn fly salivary proteins affect macrophage biology. Here, we explored the potential role of a recombinant HTB on biological parameters of classically activated murine macrophages.

Methods {#Sec2}
=======

Mice {#Sec3}
----

Female BALB/c mice, 6--12 weeks-old, were bred and maintained at the Isogenic Breeding Unit (Department of Immunology, Institute of Biomedical Sciences, University of Sao Paulo) under specific pathogen-free conditions.

Identification, production, and purification of HTB {#Sec4}
---------------------------------------------------

HTB (GenBank: AJY26992.1) was identified in a cDNA library prepared from *H. irritans* salivary glands. The production of recombinant HTB was performed as described \[[@CR18]\]. Briefly, the sequence coding for the predicted mature HTB was amplified by PCR from a recombinant plasmid carrying the full-length cDNA derived from an oligo-capped full-length enriched library prepared from the *H. irritans* salivary gland mRNA. The fragment was amplified with primers carrying sites for KpnI and SalI and cloned into a KpnI/SalI-cut pQE-30 vector (Qiagen, Hilden, Germany). The plasmid was used to transform *Escherichia coli* M15 cells, and protein expression was induced using 0.1 mM isopropyl-D-thiogalactopyranoside for 2 h at 37 °C. The N-terminal 6× histidine-tagged HTB was purified using a nickel-nitrilotriacetic acid agarose column (Qiagen) under denaturing conditions following the manufacturer's instructions. Antigenic similarity between native and recombinant proteins was confirmed by Western blot using anti-HTB polyclonal rabbit sera blotted against *H. irritans* salivary gland extract (Additional file [1](#MOESM1){ref-type="media"}: Figure S1). The alignment was performed by MUSCLE \[[@CR19]\] and graphically edited using BioEdit software \[[@CR20]\].

Peritoneal macrophage cultures {#Sec5}
------------------------------

Mice were injected intraperitoneally with 1 ml of 4% sterile thioglycollate solution (BD-Difco, Franklin Lakes, NJ, USA). Four days later, the mice were euthanized, and the peritoneal lavage was collected after injection of 5 ml cold RPMI 1640 medium (Gibco^TM^, Grand Island, NY, USA). After centrifugation, cells were resuspended in RPMI 1640 medium, counted, diluted at 2 × 10^6^ peritoneal cells/ml, and distributed in 24- or 96-well flat bottom plates (depending on the assay) at a volume of 1 ml/well or 100 μl/well, respectively. After 2 h of incubation in a humidified atmosphere of 5% CO~2~ at 37 °C, the non-adherent cells were removed by 3 washes with warm sterile phosphate-buffered saline (PBS). The adherent cells were considered to be macrophages and were pre-incubated overnight with complete medium only (RPMI 1640 supplemented with 10% of heat inactivated fetal bovine serum (FBS), 2 mM L-glutamine, 25 mM HEPES, 55 μM 2-mercaptoethanol, 100 U/ml penicillin, and 100 μg/ml streptomycin; all from Gibco^TM^, Grand Island, NY, USA) or with different concentrations of HTB (125, 250, 500 and 1000 nM) diluted in complete medium. After that, the cells were stimulated with murine recombinant interferon-γ \[IFN-γ (10 ng/ml; Sigma-Aldrich, St. Louis, MO, USA)\] plus ultrapure lipopolysaccharide \[LPS (10 ng/ml; InvivoGen, San Diego, CA, USA)\] and cultured for different times according to the assay.

Nitric oxide (NO), cytokines, and prostaglandin E~2~ (PGE~2~) determinations {#Sec6}
----------------------------------------------------------------------------

Macrophage cultures were prepared and stimulated as described above. Cell-free supernatants of these macrophage cultures were then collected for measurements of NO (48 h), cytokines (6 h and 24 h), and PGE~2~ (24 h). The Griess reaction determined nitrite (NO~2~^-^), a stable product of NO oxidation, as previously described \[[@CR21], [@CR22]\]. An enzyme-linked immunosorbent assay (ELISA) was used to determine tumor necrosis factor-α (TNF-α) and interleukin-12p40 (IL-12p40) levels (OptEIA ELISA Sets - BD Biosciences, San Diego, CA, USA). The PGE~2~ concentrations were measured according to the manufacturer's instructions (PGE~2~ ELISA Kit; Cayman Chemical, Ann Arbor, MI, USA).

Western blot analysis {#Sec7}
---------------------

Macrophage cultures were prepared and stimulated as described above. After 30 min \[for nuclear factor-κB (NF-κB)\], 6 h \[for cyclooxygenase-2 (COX-2)\], or 24 h \[for inducible nitric oxide synthase (iNOS)\], the supernatant was removed and the adherent cells were lysed with RIPA buffer (150 mM NaCl, 1% NP40, 0.1% SDS, 50 mM Tris, pH 8.0) supplemented with phosphatase inhibitors (100 mM sodium fluoride and 100 mM sodium orthovanadate) and 1% protease inhibitor (Sigma-Aldrich). The cell lysates were then centrifuged at 14,000× *g* for 10 min, and the protein concentration was measured by the BCA Protein Assay Kit (Thermo Fisher Scientific, Waltham, MA, USA) according to the manufacturer's instructions. The same amount of protein for each sample was mixed with the Bolt™ Sample Reducing Agent and Bolt™ LDS Sample Buffer (Invitrogen, Carlsbad, CA, USA) and boiled at 70 °C for 10 min. The samples were then separated on Bolt™ Bis-Tris Plus Gels 4--12%, and the proteins were transferred to nitrocellulose membranes using iBlot® Dry Blotting System (Invitrogen).

The membranes were blocked for 2 h with 10% FBS in Tris buffer at pH 7.5 containing 1% of Tween-20 (TBST). This was washed with TBST three times (5 min per wash) and incubated overnight at 4 °C with the following monoclonal antibodies: anti-iNOS (1:10,000; Cell Signaling Technology Inc., Danvers, MA, USA), anti-COX-2 (1:1000; Cayman Chemical, Ann Arbor, MI, USA), and anti-phospho NF-κB p65 (1:1000; Cell Signaling Technology Inc., Danvers, MA, USA). After further washing, the membranes were incubated for 1 h at room temperature with anti-rabbit secondary antibodies (1:3000) conjugated with horseradish peroxidase for detection (Cell Signaling Technology Inc.). Immunoreactive bands were stained using the Novex® Chemiluminescent Substrate Reagent Kit (Invitrogen) and visualized in a photodocumentation system G:BOX (Syngene, Cambridge, UK). The membranes were then washed and incubated for 1 h with anti-β-actin conjugated with horseradish peroxidase (1:10,000; Sigma-Aldrich). The immunoreactive bands were again stained and visualized as described. The density of the bands was analyzed using AlphaDigiDoc™ System 1000 software version 3.2 Beta (Alpha Innotech, San Leandro, CA, USA).

Flow cytometry {#Sec8}
--------------

Macrophage cultures were prepared as described above. After 24 h, the cells were collected, washed, and stained with fluorochrome-conjugated anti-F4/80 (a macrophage marker antibody) and anti-CD40 (an activation marker). Cells were incubated for 30 min in the dark, washed, re-suspended in PBS/FBS 1%, and analyzed by flow cytometry. Annexin V staining was used to evaluate cell death. Cells were washed and re-suspended with annexin-binding buffer (0.1 M HEPES, 1.4 M NaCl, and 25 mM CaCl~2~) containing annexin V properly diluted. This was then incubated in the dark for 10 min at room temperature. The percentage of annexin V^+^ cells was evaluated by flow cytometry. Spleen cell preparations were also incubated with salivary gland extract (SGE) of *Aedes aegypti* and ran in parallel as a positive control for the cell death assay \[[@CR23]\]. Cells were acquired in a FACSCanto II (BD Biosciences San Diego, CA, USA), and the results were analyzed using the FlowJo software (Tree Star Inc., Ashland, OR, USA).

Lymphocyte proliferation and cytokine production {#Sec9}
------------------------------------------------

Spleens were aseptically removed from mice, and a suspension containing 10^6^ cells/ml was prepared in complete medium. This was then distributed in 24-well flat bottom plates at 1 ml aliquots/well, and pre-incubated overnight with complete medium only or with different concentrations of HTB (125, 250, 500 and 1000 nM). The cultures were stimulated with concanavalin A \[(Con A) 1 μg/ml final concentration - Sigma-Aldrich\], a polyclonal mitogen of T cells, and incubated in a humidified atmosphere of 5% CO~2~ at 37 °C. After 48 h of incubation, 25 μl of a 0.01% resazurin solution was prepared in complete medium and added to each well followed by 24 h of additional incubation. The proliferation was calculated as the subtraction of the absorbance at 570 and 600 nm for each well, as previously described \[[@CR23], [@CR24]\].

Some cultures were prepared in parallel using a suspension containing 5 × 10^6^ cells/ml. The cells were distributed in 96-well flat bottom plates at 100 μl aliquots/well and stimulated similarly. After 72 h, cell-free supernatants were removed to determine IFN-γ, IL-4 and IL-5 concentrations by OptEIA ELISA Set (BD Biosciences) according to the manufacturer's instructions.

Statistical analysis {#Sec10}
--------------------

The statistical analyses of differences between means of experimental groups were performed using analysis of variance (ANOVA) followed by Tukey's *post-hoc* test. A value of *P* \< 0.05 was considered significant. Data are shown as the mean ± standard error of the mean (SEM).

Results {#Sec11}
=======

HTB sequence and alignment {#Sec12}
--------------------------

The HTB gene was annotated as a sequence of 598 nucleotides coding for a protein of 143 amino acids length presenting a signal peptide of 20 amino acids based on a cDNA library of *H. irritans* salivary glands. The mature protein has an estimated molecular weight of 13.89 kDa and an isoeletric point of 8.47. BLAST searches revealed that the unique sequence of HTB (GenBank: AJY26992.1) has approximately 43% similarity to a salivary protein of *S. calcitrans* of unknown function and annotated as a putative 15.6 kDa secreted salivary gland protein (GenBank: NP_001298181.1) (Fig. [1](#Fig1){ref-type="fig"}).Fig. 1Alignment of HTB and the putative 15.6 kDa salivary protein of *S. calcitrans*. The amino acid sequence of *H. irritans* HTB (accession number AJY26992.1) was compared to a *S. calcitrans* putative 15.6 kDa salivary gland protein (accession number NP_001298181.1). The alignment was performed using MUSCLE method and graphically edited using BioEdit software. Asterisks highlight the conserved cysteine residues. The threshold for shading colors of amino acid similarity was 40%

HTB inhibits NO production and iNOS expression by activated macrophages {#Sec13}
-----------------------------------------------------------------------

We first evaluated the effect of HTB on the NO production and iNOS expression by macrophages activated with IFN-γ plus LPS. Macrophages maintained in medium or in the presence of HTB produced almost undetectable levels of NO, while activation with IFN-γ plus LPS induced a significant production of this mediator (*F*~(6,\ 21)~ = 124.8, *P* \< 0.0001). The incubation of macrophages with increasing concentrations of HTB before IFN-γ/LPS activation prevented NO production in a concentration-dependent manner (Fig. [2a](#Fig2){ref-type="fig"}). This reached a maximum of 60% inhibition at 1000 nM (*F*~(6,\ 21)~ = 124.8, *P* \< 0.0001). Accordingly, no expression of iNOS was detected in lysates from macrophages maintained in medium or HTB only. On the other hand, activated macrophages expressed iNOS as expected, while pre-incubation with HTB decreased the enzyme expression induced by activation (Fig. [2b](#Fig2){ref-type="fig"}). The densitometry of the bands from four independent experiments (Fig. [2c](#Fig2){ref-type="fig"}) confirms the inhibition of iNOS expression in the presence of HTB (*F*~(3,\ 12)~ = 7.15, *P* = 0.0274).Fig. 2HTB decreases NO production and iNOS expression by activated macrophages. Macrophages were pre-incubated overnight with HTB (125 to 1000 nM) and stimulated with LPS plus IFN-γ (10 ng/ml of each). Nitric oxide production was measured after 48 h in cell-free supernatants by Griess reaction (**a**). The iNOS expression was evaluated after 24 h in cell lysates by Western blot (**b**). The expression of iNOS and β-actin were determined by densitometry analysis of the bands. Results are presented as a percentage of the control, which corresponds to unstimulated cells (**c**). Data represent mean ± SEM. \**P* \< 0.05 *versus* control and ^\#^*P* \< 0.05 *versus* LPS/IFN-γ-activated cells in the absence of HTB

HTB inhibits the production inflammatory cytokines and NF-κB expression in activated macrophages {#Sec14}
------------------------------------------------------------------------------------------------

We next evaluated whether HTB could affect the production of inflammatory cytokines produced as a consequence of macrophage activation. Macrophages maintained in medium or HTB produced low basal levels of TNF-α (Fig. [3a](#Fig3){ref-type="fig"}) or IL-12p40 (Fig. [3b](#Fig3){ref-type="fig"}). Activation with IFN-γ plus LPS induced significant production of both cytokines (*F*~(3,\ 8)~ = 46.97, *P* \< 0.0001 for TNF-α; *F*~(3,\ 8)~ = 61.29, *P* \< 0.0001 for IL-12p40), and the pre-incubation with HTB strongly inhibited their production (*F*~(3,\ 8)~ = 46.97, *P* \< 0.0001 for TNF- α; *F*~(3,\ 8)~ = 61.29, *P* \< 0.0001 for IL-12p40). Under these conditions, very low levels of IL-10 were detected, and the presence of HTB did not significantly affect this production (data not shown). The expression of NF-κB, a key transcription factor involved in the production of a number of inflammatory cytokines, was evaluated in cell lysates. Basal expression of NF-κB was detected in lysates from macrophages maintained in medium or HTB only. Activated macrophages had increased NF-κB expression, while pre-incubation with HTB decreased the transcription factor expression in these cells (Fig. [3c](#Fig3){ref-type="fig"}). The densitometry of the bands (Fig. [3d](#Fig3){ref-type="fig"}) from three independent experiments confirmed this difference (*F*~(3,\ 8)~ = 6.978, *P* = 0.0135).Fig. 3HTB inhibits inflammatory cytokine production and NF-κB phosphorylation by activated macrophages. Macrophages were pre-incubated overnight with HTB (1000 nM) and stimulated with LPS plus IFN-γ (10 ng/ml of each, final concentration). The production of TNF-α (**a**) and IL-12p40 (**b**) were detected after 6 h and 24 h, respectively, in cell-free supernatants by ELISA. The phosphorylation of NF-κB was evaluated after 30 min in cell lysates by Western blot (**c**). The expression of phosphorilated NF-κB and β-actin were determined by densitometry analysis of the bands. The results are presented as a percentage of the control, which corresponds to unstimulated cells (**d**). The data represent the mean ± SEM. \**P* \< 0.05 *versus* control and ^\#^*P* \< 0.05 *versus* LPS/IFN-γ-activated cells

HTB did not affect PGE~2~ production and COX-2 expression by activated macrophages {#Sec15}
----------------------------------------------------------------------------------

Macrophage activation is also associated with the production and release of lipid mediators, such as PGE~2~. Thus, we evaluated if HTB would also affect PGE~2~ production as well as the expression of COX-2, the enzyme involved in PGE~2~ synthesis. As observed for NO and inflammatory cytokines, macrophages maintained in medium or HTB released low amounts of PGE~2~, and activation with IFN-γ and LPS induced significant production of this lipid mediator (*F*~(3,\ 32)~ = 4.392, *P* = 0.0133). Although pre-incubation with HTB inhibited the PGE~2~ production by more than 60%, this difference was not statistically significant due to the individual variation of each animal (Fig. [4a](#Fig4){ref-type="fig"}). A similar pattern was observed for COX-2 expression evaluated in macrophage lysates. Basal expression was observed for macrophages maintained in medium or HTB only, while IFN-γ plus LPS activation increased its expression (Fig. [4b](#Fig4){ref-type="fig"}). In the presence of HTB, activated macrophages did not significantly reduce the expression of COX-2, as seen in the densitometry of the bands representative of five experiments (Fig. [4c](#Fig4){ref-type="fig"}).Fig. 4HTB partially affects PGE~2~ production and COX-2 expression by activated macrophages. Macrophages were pre-incubated overnight with HTB (1000 nM) and stimulated with LPS plus IFN-γ (10 ng/ml of each). The PGE~2~ production was measured after 24 h in cell-free supernantants by ELISA (**a**). The expression of COX-2 was evaluated after 6 h in cell lysates by Western blot (**b**). The expression of COX-2 and β-actin was determined by densitometry analysis of the bands. The results are presented as a percentage of the control, which corresponds to unstimulated cells (**c**). The data represent the mean ± SEM. \**P* \< 0.05 *versus* control

HTB negatively modulates CD40 expression in activated macrophages {#Sec16}
-----------------------------------------------------------------

The biological activity of HTB was also evaluated on the expression of CD40, a cell surface marker associated with macrophage activation. Macrophages incubated with medium only express a discrete amount of CD40 on its surface, and the presence of HTB does not interfere with this expression. Stimulation with LPS and IFN-γ increases the expression of CD40 as a sign of macrophage activation while HTB partially impaired its expression suggesting that HTB has a negative effect on macrophage activation (Fig. [5a](#Fig5){ref-type="fig"}).Fig. 5HTB downmodulates CD40 expression by activated macrophages and does not induce cell death. Macrophages were pre-incubated overnight with HTB (1000 nM) and stimulated with LPS plus IFN-γ (10 ng/ml of each). Flow cytometry was employed to evaluate the CD40^+^ events in F4/80^+^ gated cells after 24 h (**a**); and annexin V^+^ events in F4/80^+^ gated cells after 2 h and 18 h (**b**). The data are expressed as the percentage of positive events for each marker

HTB does not induce macrophage cell death {#Sec17}
-----------------------------------------

We next evaluated whether the anti-inflammatory effects of HTB are *via* its toxicity. The macrophage death was determined in the presence of HTB, and annexin V staining showed that the incubation of macrophages with HTB did not induce phosphatidylserine on the outer membrane after 2 h or 18 h (Fig. [5b](#Fig5){ref-type="fig"}). As an internal control, a similar assay was performed with lymphocytes and *A. aegypti* SGE. This showed extensive annexin V staining of these cells under the same conditions (Additional file [2](#MOESM2){ref-type="media"}: Figure S2).

HTB biological activities are selective to macrophages {#Sec18}
------------------------------------------------------

To evaluate the selectivity of HTB effects, we evaluated lymphocyte proliferation and cytokine production in the presence of the protein. Figure [6a](#Fig6){ref-type="fig"} shows that Con A-induced lymphocyte proliferation did not change by pre-incubation with any of the HTB concentrations tested. Likewise, the production of IFN-γ (Fig. [6b](#Fig6){ref-type="fig"}), IL-4 (Fig. [6c](#Fig6){ref-type="fig"}), and IL-5 (Fig. [6d](#Fig6){ref-type="fig"}) induced by Con A was not changed in the presence of HTB. However, in Con A-stimulated groups, IL-10 production was slightly increased (*F*~(3,\ 12)~ = 190.1, *P* = 0.0374) in the presence of HTB (Fig. [6e](#Fig6){ref-type="fig"}).Fig. 6HTB does not affect lymphocyte proliferation or cytokine production. Lymphocytes were pre-incubated overnight with HTB (125 to 1000 nM) and stimulated with Con A (0.5 μg/ml, final concentration). After 72 h, the proliferation was measured by a colorimetric assay (**a**) and the levels of IFN-γ (**b**), IL-4 (**c**), IL-5 (**d**) and IL-10 (**e**) were measured in cell-free supernatants by ELISA. The data represent the mean ± SEM. \**P* \< 0.05 *versus* control and ^\#^*P* \< 0.05 *versus* LPS/IFN-γ-activated cells

Discussion {#Sec19}
==========

There is little information available on the molecules secreted in *H. irritans* saliva. Thrombostasin, a salivary thrombin inhibitor, is the only protein identified and characterized to date \[[@CR11]\]. Here, we used an *in vitro* model that mimics early interactions between microbial products and innate immune responses. This revealed that HTB, a novel horn fly salivary protein, can downmodulate the production of inflammatory mediators by macrophages. The presence of HTB in macrophage cultures significantly reduced the NO production induced by LPS plus IFN-γ activation. NO is constitutively produced by NO synthases in neurons and endothelial cells; however, iNOS is expressed in macrophages and accounts for host resistance to a number of pathogens in the presence of inflammatory stimuli such as LPS and cytokines \[[@CR25], [@CR26]\]. Here, reduced iNOS expression was also seen in activated macrophages by the addition of HTB to the cultures. Similar downregulation of NO production and/or iNOS expression by macrophages under various stimuli have been reported in the presence of saliva and salivary components from ticks \[[@CR27]--[@CR30]\], triatomines \[[@CR31]\], sandflies \[[@CR32]--[@CR37]\], mosquitoes \[[@CR38], [@CR39]\] and horseflies \[[@CR8]\].

The inflammatory effect of TNF-α is mainly related with the induction of leukocyte adhesion molecules in the vascular endothelium and the recruitment of cells to the injured site \[[@CR40]\]. IL-12p40 is a subunit shared by IL-12 (when linked to the IL-12p35 subunit) and IL-23 (when linked to the IL-23p19 subunit); they are both members of the IL-12 cytokine family \[[@CR41]\] and are produced mostly by dendritic cells and macrophages. IL-12 was originally identified as a factor capable of stimulating natural killer cells to produce IFN-γ \[[@CR42]\]. Later, it was shown to be the major cytokine involved in polarization of CD4^+^ T cells to the Th1 profile \[[@CR43]--[@CR47]\]. On the other hand, IL-23 is associated with the development of IL-17-producing CD4^+^ T cells (Th17 profile) \[[@CR48], [@CR49]\]. In addition, the decreased production of TNF-α and IL-12p40 was associated with downmodulation of NF-κB, one major transcription factor involved in the production of many inflammatory cytokines. Like *H. irritans*, other hematophagous arthropods have components in their saliva that can prevent inflammatory cytokine secretion and/or NF-κB expression by activated macrophages \[[@CR27], [@CR30], [@CR50]--[@CR53]\], and some molecules associated with this immunomodulatory activity have been revealed.

For example, a potent vasodilatory peptide from sand fly saliva, maxadilan, inhibits LPS-induced production of NO, TNF-α, and IL-12 by macrophages \[[@CR37]\]. The tick *Ixodes ricinus* has a salivary serpin named Iris (*Ixodes ricinus* immunosuppressor) that inhibits the production of pro-inflammatory cytokines by LPS-stimulated peripheral blood mononuclear cells \[[@CR54]--[@CR56]\]. The protein Cecropin-TY1, previously identified in the horsefly *Tabanus yao* salivary gland as an antimicrobial peptide \[[@CR57]\], has potent anti-inflammatory activity on the production of NO and cytokines. It inhibits the activation of mitogen-activated protein kinases (MAPKs) and NF-κB signals in macrophages \[[@CR8]\]. Therefore, the inhibition of cytokines and a transcription factor related to their production by HTB might affect the pro-inflammatory milieu provided by activated macrophages during an early inflammatory response. Consequently, the diminished migration of immune cells and the impaired differentiation of Th1/Th17 subpopulations potentially caused by HTB likely benefits horn fly feeding.

PGE~2~ is a lipid mediator from the eicosanoid family involved in a number of physiological, inflammatory and regulatory functions. Under inflammatory conditions (e.g. LPS stimulation or pathogen infection), macrophages and other immune cells express phospholipase A~2~ that releases arachidonic acid from membrane phospholipids. Subsequently, arachidonic acid is oxidized by COX-2 and modified into PGE~2~ by microsomal PGE synthase-1 \[[@CR58]\]. Given the importance of the PGE~2~ in inflammation and immunity to pathogens, we analyzed whether HTB could modulate macrophage secretion of PGE~2~ and/or COX-2 biosynthesis. The presence of HTB in the culture did not change PGE~2~ secretion by resting or activated macrophages. A similar phenotype was achieved for COX-2 expression in macrophage lysates. Thus, the PGE~2~/COX-2 axis is not consistently modulated by HTB.

CD40 is a surface membrane molecule expressed by antigen-presenting cells and other cell types such as mast cells, fibroblasts and endothelial cells. The interactions between CD40 in macrophages and its ligand (CD40L, also known as CD154) in T cells provide bidirectional stimulatory signals to these cells \[[@CR59]\]. CD40 engagement induces robust activation of pro-inflammatory cytokine synthesis in macrophages, including TNF-α, IL-12, IL-1α, IL-1β and chemokines as well as NO production, upregulation of MHC class II expression, and co-stimulatory molecules \[[@CR60]\]. All of these factors can amplify inflammatory responses of T cells. We observed that CD40 expression was highly increased after stimulation with LPS and IFN-γ, but the presence of HTB in the cultures partially prevented its expression in macrophages, this confirms the anti-inflammatory role of HTB in these cells.

Salivary preparations from some hematophagous arthropods have recently been shown to induce programmed death to a number of cell types. The SGE of the sand fly *Lutzomyia longipalpis* induces apoptosis in neutrophils \[[@CR61]\] while SGE of the mosquito *A. aegypti* directly induces apoptosis in lymphocytes \[[@CR23]\]. The SGE of the mosquito *Armigeres subalbatus* decreased the expression of TNF-α, IFN-β, CXCL10 and iNOS as well as NO production by macrophages. This downmodulation was associated with apoptotic cell death in these cells and in lymphocytes \[[@CR39]\]. Thus, to evaluate whether the anti-inflammatory activities described were actually due to cell death, we compared annexin V binding to activated macrophages incubated in the presence or absence of HTB and observed no significant differences in the binding between these two conditions. HTB neither affected lymphocyte metabolism/proliferation nor cytokine production upon polyclonal activation suggesting the absence of toxicity and a selective mechanism of action of the protein.

Overall, our results suggest that at least one component of *H. irritans* saliva can modulate inflammatory responses mediated by classically activated macrophages in a vertebrate host. This is consistent with the fact that *H. irritans* most frequently feeds on cattle, and they offer a more convenient environment in the host skin by controlling inflammatory responses triggered by the fly bite. The skin is a highly complex organ interspersed with a variety of cell types (macrophages, dendritic cells, keratinocytes, mast cells and innate lymphoid cells, among others) and all of them express pattern recognition receptors and produce pro-inflammatory chemokines and cytokines in response to pathogenic stimuli \[[@CR62]\]. Further studies are needed to understand in depth the ability of HTB to modulate different cell types in the early response to the injury in the skin.

Few studies compared the effect of arthropod salivary components among species side by side. Regarding ticks, the saliva of *Amblyomma* (*cajennense*) *sculptum* inhibits lymphocyte proliferation of mice and horses \[[@CR63]\]. *Ixodes ricinus* saliva has a protein that binds murine and human TNF-α \[[@CR64]\], while saliva of *Ixodes scapularis* contains a protein with binding properties against murine and human IL-2 \[[@CR65]\]. The salivary gland extract of the mosquito *A. aegypti* kills lymphocytes from mice and guinea-pigs (Anderson Sá-Nunes, personal communication). We cannot assure whether HTB would have the same effect on cattle macrophages. However, considering the similarities of macrophage biology among vertebrate species in terms of functions and intracellular signaling cascades, this is an interesting topic for future consideration.

Finally, our findings lend support to the hypothesis that cattle resistance to horn fly-borne infections could be enhanced by blocking the activities of salivary molecules. HTB is a putative candidate for vaccination. In fact, HTB was recently evaluated as an immunogen in a preliminary field trial, and it reduced *H. irritans* loads by 30% in cattle \[[@CR66]\]. The evaluation of different vaccination protocols may improve these findings.

Conclusions {#Sec20}
===========

Here, we reported the first salivary protein of *H. irritans* with immunomodulatory functions. HTB can negatively modulate macrophage-derived inflammatory mediators, its activity is selective to macrophages, and it is not associated with cell death. This work is an important contribution to unveil the functional salivary proteome of *H. irritans* and opens new venues to the evaluation of potential saliva-based vaccines to protect cattle from horn fly infestations.

Additional files
================

 {#Sec21}

Additional file 1:**Figure S1.** Evaluation of the cross-reactivity between native and recombinant HTB. Whole salivary gland extract of *H. irritans* was separated on a 12% gradient poly-acrylaminde gel and transferred onto a PVDF membrane. The membranes were blocked with PBS containing 5% of soy milk and were probed with either pre-immune rabbit serum or with serum from rabbits immunized with the recombinant HTB. Then, the membranes were incubated with HRP-conjugated anti-rabbit IgG and bands were detected with 3,3'-Diaminobenzidine. Lane A: pre-immune rabbit serum; Lane B: serum from rabbit immunized with recombinant HTB (immune serum). The immune serum recognized a single band with approximately 15 kDa from the salivary gland extract corresponding to the native protein. MW: molecular weight. (TIF 127 kb) Additional file 2:**Figure S2.** *Aedes aegypti* SGE induces lymphocyte death *in vitro*. Spleen cells were cultured in the presence of *A. aegypti* SGE and stimulated by Con A (0.5 μg/ml, final concentration) according to \[[@CR23]\] as a positive control for the assay presented in Fig. [5](#Fig5){ref-type="fig"}. Flow cytometry evaluated annexin V^+^ events in CD3^+^-gated cells after 2 h and 18 h. The data are expressed as the percentage of annexin V^+^ events for each condition. (TIF 115 kb)
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:   Sodium dodecyl sulfate

SEM

:   Standard error of the mean

SGE

:   Salivary gland extract

TBST

:   Saline-buffered with Tris/tween-20

TNF-α

:   Tumor necrosis factor-α

TS

:   Thrombostasin
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